Reactive oxygen species (ROS) contribute to the etiology of multiple muscle-related diseases. There is emerging evidence that cellular stress can lead to destabilization of sarcomeres, the contractile unit of muscle. However, it is incompletely understood how cellular stress induces structural destabilization of sarcomeres. Here we report that glutathionylation of SMYD2 contributes to a loss of myofibril integrity and degradation of sarcomeric proteins mediated by MMP-2 and calpain 1. We used a clickable glutathione approach in a cardiomyocyte cell line and found selective glutathionylation of SMYD2 at Cys13. Biochemical analysis demonstrated that SMYD2 upon oxidation or glutathionylation at Cys13 loses its interaction with Hsp90 and N2A, a domain of titin. Upon dissociation from SMYD2, N2A or titin is degraded by activated MMP-2, suggesting a protective role of SMYD2 in sarcomere stability. Taken together, our results support that SMYD2 glutathionylation is a novel molecular mechanism by which ROS contribute to sarcomere destabilization.
R eactive oxygen species (ROS) play an essential role in redox signaling, but also cause detrimental effects under oxidative stress, especially in cardiac and skeletal muscle. [1] [2] [3] For example, low levels of ROS are produced in muscle, regulating intracellular calcium release and contractile force. 4, 5 Hydrogen peroxide (H 2 O 2 ) derived from the endothelium and myocardial mitochondria serves as a vasodilator. [6] [7] [8] In contrast, high levels of ROS induce abnormal calcium regulation, contractile dysfunction, and hypertrophy. 1 Indeed, elevated levels of ROS are associated with muscle-related pathological conditions, including myocardial ischemia-reperfusion injury, 9 heart failure, 10 and muscular dystrophy. 11 The basic contractile unit of striated muscle is a sarcomere. Sarcomeres are composed of multiple sarcomeric proteins, including actin, myosin, and titin, that are assembled in a highly organized structure. However, sarcomeric proteins are vulnerable to accelerated degradation under certain conditions, such as ischemic-reperfusion injury or nutrient deprivation that involves production of mitochondrial ROS. [12] [13] [14] For example, ischemiareperfusion injury leads to an increased activity of several proteases, including MMP-2 and calpain 1/3. [12] [13] [14] It is well-known that MMP-2 is induced and activated under oxidative stress. 12 Activated MMP-2 and calpains are involved in degradation of several sarcomeric proteins, including titin, α-actinin, troponin, and myosin-light chains. 15 In particular, titin serves as an integral part of a stress-sensing network. 16 The elastic region of titin binds with chaperones, proteases, and signaling complexes of which interactions are altered in response to the mechanical and chemical stress, ultimately causing muscle degradation, remodeling, or adaptation to stress. 16 Despite these analyses, molecular mechanisms by which ROS induce structural destabilization or degradation of sarcomeres are incompletely understood.
A direct consequence of ROS in the sarcomere is oxidative protein modifications. 17, 18 In particular, glutathionylation is one of the major oxidative protein modifications in response to ROS. 19 We recently developed a clickable glutathione approach to identify protein glutathionylation. 20, 21 In this approach, azidoglutathione (γGlu-Cys-azido-Ala, N 3 -GSH) is in situ biosynthesized in cells expressing a glutathione synthetase mutant (GS M4) that efficiently catalyzes an incorporation of azido-Ala in place of Gly to glutathione (γGlu-Cys-Gly, GSH). 20 With this approach, we recently demonstrated that glucose depletion or treatment of mitochondrial electron transport chain blockers strongly induces global protein glutathionylation. 22 Further mass spectrometric and biochemical analysis identified multiple glutathionylated proteins, including SET and MYND domain-containing protein 2 (SMYD2). 22 SMYD2 is one of SET and MYND-containing lysine methyltransferases (SMYD). 23 There are five members of the SMYD family (SMYD1-5). SMYD2 is mostly cytoplasmic where it catalyzes mono-methylation of p53, 24 retinoblastoma protein (Rb), 25 estrogen receptor α (ERα), 26 and heat shock protein 90 (Hsp90). 27 Recent proteomic analysis found numerous substrate proteins of SMYD2, suggesting its roles in diverse cellular processes. 28 Importantly, both SMYD1 and SMYD2 are abundant in cardiac and skeletal muscle, playing an important role in myofibril assembly. 29 At a molecular level, SMYD2 forms a complex with Hsp90. 30 This complex binds to the N2A domain of titin at the I-band of sarcomere. 30 Recently, it was found that zebrafish with knockdown of SMYD2 (a or a/b isoforms) forms disorganized I-bands and Z-disks in the sarcomere of muscle, 31 suggesting its role in sarcomere stabilization. In this report, we show that SMYD2 can be selectively glutathionylated at Cys13, and SMYD2 Cys13 glutathionylation serves as a molecular event that contributes to degradation of sarcomeric proteins in response to ROS.
Results
SMYD2 is susceptible to glutathionylation in response to ROS. Previously, we found that SMYD2 can be glutathionylated in response to glucose deprivation in HEK293 cells. 22 To extend our data to cardiomyocytes, we applied our clickable glutathione approach to a H9c2 myoblast cell line (Fig. 1a ). GS M4 mutant was expressed into differentiated H9c2 myocytes ( Supplementary  Fig. 1a ). GS M4 expression did not induce significant cell toxicity or alteration of redox systems, such as a thiol-content or levels of redox enzymes in cells ( Supplementary Fig. 1b, c) . Cells were then incubated with azido-Ala for 20 h and treated with ROS stimuli ( Fig. 1b and Supplementary Fig. 2 ). After the click reaction of lysates with rhodamine-alkyne, in-gel fluorescence analysis showed that global glutathionylation was induced by exposure to an increasing concentration of hydrogen peroxide or antimycin A (AMA) (Fig. 1b) , which is known to induce mitochondrial ROS. 2 The subsequent pull-down analysis after click reaction of lysates with biotin-alkyne detected glutathionylation of SMYD2 ( Fig. 1c and Supplementary Fig. 2a-c ). In addition, we also detected glutathionylation of other sarcomere-associated proteins, including Hsp90, actin, and myosin heavy chain (MHC) ( Fig. 1c and Supplementary Fig. 2a-c) . To estimate the level of glutathionylation on SMYD2, lysates were subjected to click reaction with 2 kD-polyethyleneglycol (PEG)-alkyne, which increases the molecular mass of SMYD2. The subsequent western blotting analysis found that over 30% of SMYD2 was glutathionylated upon treatment of AMA for 12 h (Fig. 1d ). In the same condition, we did not detect a significant level of irreversible oxidation of SMYD2, such as sulfonic acid formation ( Supplementary Fig. 2d ). Overall, these data support that SMYD2 is susceptible to glutathionylation in response to ROS.
SMYD2 is selectively glutathionylated at Cys13. SMYD2 has 17 cysteine residues, ten of which are bound to three zinc ions in the MYND and Post-SET domains ( Fig. 2a ). 32 SMYD2 structural data (PDB: 3RIB) showed that Cys13 is highly exposed at the protein surface and is surrounded by four basic Arg or Lys residues ( Fig. 2a , right), which may increase its chemical reactivity. Cys13 is in the SET-domain ( Fig. 2a , green) and it is close to a S-adenosylmethionine (SAM) binding site ( Fig. 2a ). Cys13 in SMYD2 is not conserved among members of the SMYD family ( Fig. 2b ) but is found in its orthologs ( Supplementary Fig. 3 ). To determine whether Cys13 is important for SMYD2 glutathionylation, we purified wild-type (WT) and C13S mutant proteins of SMYD2 ( Supplementary Fig. 4a ) and evaluated their glutathionylation with azido-glutathione in vitro. After click reaction with rhodamine-alkyne, in-gel fluorescence analysis showed that SMYD2 WT was strongly glutathionylated upon addition of H 2 O 2 or diamide ( Fig. 2c, d and Supplementary Fig. 5a ), whereas SMYD2 C13S showed weak signals ( Fig. 2d ). In addition, the same result was observed when click reaction was done with 2-kD PEG-alkyne, showing one Cys modification with SMYD2 WT versus no modification with SMYD2 C13S ( Fig. 2e and Supplementary Fig. 5b-c) . Furthermore, the level of glutathionylation was quantified by measuring the molar ratio of rhodamine to SMYD2 concentrations after click reaction with rhodaminealkyne ( Fig. 2f and Supplementary Fig. 5d ). Incubation of SMYD2 with oxidized azido-glutathione (N 3 -GSSG-N 3 ) led to an approximately 1:1 molar ratio of rhodamine to SMYD2 (Fig. 2f , blue). In contrast, almost no modification was observed with SMYD2 C13S (Fig. 2f, red) , showing the selective glutathionylation at Cys13 of SMYD2.
To directly confirm the modification site, we analyzed glutathionylated SMYD2 by mass spectrometric analysis: SMYD2 glutathionylated by azido-glutathione was conjugated with biotin-alkyne by click reaction and digested by trypsin. The glutathionylated peptides were purified by streptavidinbeads. MALDI analysis of eluted samples found one peak that is in precise agreement with the molecular weight of the peptide glutathionylated at Cys13 (m/z 1053.5, FC * SPGK) ( Fig. 2g and Supplementary Fig. 6a-b ). LC-MS/MS analysis confirmed this assignment and found two additional peptides glutathionylated at Cys74 and Cys321 ( Supplementary Fig. 6c ). Glutathionylation of SMYD2 at Cys13 was further confirmed in HEK293 cells expressing GS M4 (HEK293/GS M4). In response to AMA with glucose deprivation, 22 SMYD2 WT was strongly glutathionylated, whereas glutathionylation was significantly decreased with SMYD2 C13S (Fig. 2h ). Taken together, our data support that SMYD2 is selectively glutathionylated at Cys13.
SMYD2 glutathionylation or oxidation decreases cell viability.
Despite a dispensable role of SMYD2 in mouse heart development, 33 we hypothesized that SMYD2 may have an important role in muscle under stressed conditions. To examine the functional significance of SMYD2 Cys13 glutathionylation, we compared cell viability of H9c2 myoblasts following expression of SMYD2 WT versus C13S, differentiation to a cardiomyocyte phenotype, and subsequent exposure to various ROS stimuli ( Fig. 3a, b ). After differentiation, SMYD2 levels were similar in the two cohorts of cells expressing SMYD2 WT or C13S (49-50% transfection efficiency, Supplementary Fig. 7a ) within 1.7-fold of the endogenous level ( Fig. 3a) . Sarcomeric α-actinin was also expressed in a similar level ( Supplementary Fig. 7b ).
Differentiated H9c2 cells were then treated with H 2 O 2 (25 µM), AMA (2 µg/mL), a nitric oxide donor (NONOate, 100 µM), or angiotensin II (1 µM) ( Fig. 3b ). Under unstressed conditions, viability was comparable in cells expressing SMYD2 WT or C13S ( Fig. 3b , bars 1-2 and 11-12). However, in all stressed conditions, viability was significantly decreased in cells expressing SMYD2 WT versus C13S ( Fig. 3b , bars 3-10), suggesting that SMYD2 Cys13 glutathionylation or oxidation decreases cell viability.
To corroborate these findings, we examined cell viability after SMYD2 overexpression or knockdown. There is no difference of cell viability in an unstressed condition after SMYD2 overexpression ( Fig. 3c , bars 1 vs. 2). However, SMYD2 overexpression rescued viability of cells treated with AMA in a modest but statistically significant level ( Fig. 3c , bars 3 vs. 4). After SMYD2 knockdown, there is a modest reduction of cell viability in an unstressed condition (without AMA) ( Fig. 3d , bars 1 vs. 3). However, SMYD2 knockdown sensitized cells to treatment of AMA, inducing more significant reduction of cell viability ( Fig. 3d , bars 2 vs. 4, and Supplementary Fig. 10a-b ). Overall, these results suggest that SMYD2 overexpression provides cellular protection under cellular stress, and a loss of SMYD2 or SMYD2 glutathionylation (or oxidation) in response to ROS decreases viability of H9c2 cells.
SMYD2 glutathionylation reduces myofibril integrity. Because SMYD2 is reportedly involved in sarcomere stabilization, 30 we proposed that the reduced cell viability may be associated with altered sarcomere stability upon SMYD2 glutathionylation. To ARTICLE monitor myofibril structure under stress, we examined rat neonatal cardiomyocytes treated with AMA. Immunostaining of titin, with antibody that binds to the N-terminal region of titin (α-titin-NT), showed a parallel array of striated myofibrils in unstressed cardiomyocytes ( Fig. 4a , top left). Directionality analysis by Fiberfit software 34 showed uniform orientation of myofibrils ( Supplementary Fig. 8a ) with relatively high fiber dispersion parameter (k) values that indicate the high degree of fiber alignment 34 (Fig. 4c , lane 1, n = 30, triplicate). In contrast, upon incubation of AMA, myofibrils were highly misaligned with a complete loss of directionality (Fig. 4a , bottom left). Directionality analysis confirmed the same result, showing a loss of myofibrillar structural integrity ( Supplementary Fig. 8a ) with low k values that indicate the low degree of fiber alignment 34 (Fig. 4c , lane 2, n = 30, triplicate). Immunostaining of SMYD2, which binds to the N2A domain of titin, showed the same pattern while showing high levels of colocalization with titin ( Fig. 4a, right) . To examine the importance of SMYD2 Cys13 glutathionylation or oxidation for myofibrillar structure, we repeated experiments upon expression of SMYD2 WT or C13S to rat neonatal cardiomyocytes. Without treatment of AMA, both cells expressing SMYD2 WT or C13S showed parallel striated myofibrils stained by titin or HA antibodies ( b Sequence alignment around Cys13 of SMYD2 with other members of the SMYD family. c-e In-gel analysis of SMYD2 glutathionylation with azidoglutathione. Purified SMYD2 WT or C13S was mixed with azido-glutathione in vitro and treated with H 2 O 2 or diamide for 15 min. SMYD2 glutathionylation was detected by fluorescence (c, d) or a mass shift (e) after click reaction with rhodamine-alkyne or 2-kD PEG-alkyne, respectively. f Quantifying the molar ratio of rhodamine to SMYD2 concentrations after incubation of SMYD2 with oxidized azido-glutathione (N 3 -GSSG-N 3 ) and click reaction with rhodaminealkyne. Data represent the mean ± SD. g Mass spectrometry analysis of glutathionylated SMYD2. SMYD2 glutathionylated by azido-glutathione was conjugated with biotin-alkyne and digested by trypsin. The digested peptides were enriched by streptavidin-agarose and eluted for MALDI-TOF analysis.
h Detection of SMYD2 Cys13 glutathionylation in HEK293 cells stably expressing GS M4 (HEK293/GS M4). After transfection of SMYD2 WT or C13S, cells were incubated with azido-Ala. After inducing glutathionylation, collected lysates were subjected to click reaction with biotin-alkyne before pulldowns with streptavidin-agarose and western blotting. All data are representative of 3 independent experiments values in directionality analysis (Fig. 4c , lanes 3 and 5, n = 30, triplicate). However, after incubation of AMA for 12 h, cells with SMYD2 WT showed disoriented and misaligned myofibrils (Fig. 4b , bottom, columns 1-2). Strikingly, cells with SMYD2 C13S retained parallel and regular arrangement of myofibrils in a similar pattern to that seen in the unstressed condition (Fig. 4b , bottom, columns 3-4). Directionality analyses of myofibrils in individual cells showed that treatment of AMA induced misaligned myofibrils in a high number of cells expressing SMYD2 WT versus a low number of cells expressing SMYD2 C13S ( Fig. 4c . lanes 4 vs. 6, n = 30 cells, triplicate, and Supplementary Fig. 8b -c). In a similar manner, we also examined the structural integrity of differentiated H9c2 cells by fluorescence imaging of EGFP-actin, mCherry-MHC, and α-actinin immunostaining. All analyses showed the same pattern that upon treatment of AMA, cells expressing SMYD2 WT showed a loss of structural integrity, whereas cells with SMYD2 C13S maintained the similar structural integrity to ones in the unstressed condition ( Supplementary Fig. 7c-d) . Overall, these data support the concept that SMYD2 Cys13 glutathionylation or oxidation contributes to misalignment or destabilization of myofibrils.
SMYD2 glutathionylation leads to sarcomeric proteins degradation. The loss of stability or integrity of myofibrils is likely due to degradation of sarcomeric proteins. Therefore, we compared protein levels in H9c2 cells expressing SMYD2 WT versus C13S ( Fig. 5a ). Before treatment with AMA, the protein level of αactinin was similar in differentiated H9c2 cells expressing SMYD2 WT or C13S ( Supplementary Fig. 7b ). Exposure to AMA resulted in decreased levels of α-actinin and troponin I in cells with SMYD2 WT (Fig. 5a , lane 1 vs. 2), but had no effect in cells with SMYD2 C13S (Fig. 5a , lane 3 vs. 4). Under the same condition, treatment with AMA had no effect on the expression levels of actin, MHC, SMYD2, and Hsp90 in cells with SMYD2 WT or C13S (Fig. 5a ). In addition to H9c2 cells, we also examined HL-1 mouse cardiac muscle cells upon ectopic expression of SMYD2 WT or C13S. Similarly, reduced levels of α-actinin and troponin I were observed in cells expressing SMYD2 WT, whereas no changes were observed in cells with SMYD2 C13S (Supplementary Fig. 9a ). Next, we examined the level of titin. Without treatment of AMA, the level of titin (T1) was high in HL-1 cells expressing SMYD2 WT or C13S (Fig. 5b , lane 3 and 4). However, upon treatment of AMA, the level of T2, a degraded product of titin 35 , was increased in cells expressing SMYD2 WT (Fig. 5b , lane 5), whereas it remained low in cells with SMYD2 C13S (Fig. 5b , lane 6). To further support degradation of titin, we examined titin by dot-blot analysis after the immunoprecipitation (IP): the blot was probed with α-titin-NT antibody, which recognizes the N-terminal region of titin, after pull-down of titin with α-titin-CT antibody, which binds to the C-terminal region of titin ( Supplementary Fig. 9b -c). Upon treatment of AMA, the level of titin detected by α-titin-NT was decreased in cells expressing SMYD2 WT, whereas it was unchanged in cells expressing SMYD2 C13S ( Supplementary Fig. 9b -c), suggesting degradation of titin in cells expressing SMYD2 WT versus C13S. In addition to sarcomeric proteins, we also found that cardiac ankyrin repeat protein (CARP), transcription cofactor that is involved in muscle remodeling, 36 was highly elevated in cells with SMYD2 WT versus C13S after treatment of AMA (Supplementary Fig. 9d ).
To corroborate these findings, we examined the level of sarcomeric proteins upon SMYD2 knockdown. Without treatment of AMA, levels of α-actinin or troponin I remain similar upon SMYD2 knockdown (Fig. 5c , lane 1 vs. 3). However, SMYD2 knockdown induced more significant reduction of αactinin and troponin I levels upon incubation of AMA (Fig. 5c Supplementary Fig. 10c ), which correlates with the data that SMYD2 knockdown induces more significant reduction of cell viability after incubation of AMA ( Fig. 3d , bars 2 vs. 4, and Supplementary Fig. 10a-b ). These data support that SMYD2 knockdown or glutathionylation (or oxidation) at Cys13 contributes to reduced levels of several sarcomeric proteins, such as α-actinin, troponin I, and titin. Previously, calpain 1/3 and MMP-2 have been found to play a role in degradation of sarcomeric proteins, including αactinin and titin. 14, 15 Therefore, we evaluated whether calpain and MMP-2 contribute to sarcomeric protein degradation in our model. The decreased levels of α-actinin and troponin I in the presence of AMA were restored upon incubation with an MMP-2 inhibitor (ARP-100) (Fig. 5d , lane 2 vs. 4) or MMP-2 knockdown (Fig. 5e , lane 2 vs. 4, and Supplementary Fig. 10d ), while there was no effect on the expression levels of other proteins, including actin and SMYD2 (Fig. 5d ). Notably, levels of the native MMP-2 and its smaller-size form (either proteolytic or inducible form 37 ) were significantly elevated upon incubation of AMA ( Fig. 5e, g) , which is consistent with the fact that MMP-2 is activated under oxidative stress. 12 However, overexpression of a truncated active form of MMP-2, without treatment of AMA, did not induce significant degradation of α-actinin ( Supplementary Fig. 10e ), suggesting that the stressor as well as active MMP-2 may be necessary for significant degradation of sarcomeric proteins.
We further evaluated H9c2 cell viability upon exposure to inhibitors of MMP-2 (ARP-100) and calpain 1 (acetyl-calpastatin) ( Fig. 5f ) or MMP-2 knockdown (Fig. 5g ). As expected, viability of H9c2 cells was significantly decreased after treatment of AMA ( Fig. 5f, g) . This effect was mitigated by treatment with either the MMP-2 or calpain 1 inhibitor ( Fig. 5f, bars 4 Monitoring the myofibril alignment in rat neonatal cardiomyocytes upon incubation of AMA (2 µg/mL) for 12 h: no expression (a) and ectopic expression of SMYD2 WT or C13S (b). Immunostainings were done by using antibodies to SMYD2, HA (green), or titin (α-titin-NT, red). About 30 cells were photographed and examined for myofibril alignment or directionality by FiberFit software. 34 Images represent the major myofibril structure in individual conditions. Scale bars, 10 µm. c Analysis of myofibril alignment in cardiomyocytes. Individual cell images were analyzed by the FiberFit software to determine the fiber dispersion parameter (k) values that represent the degree of fiber alignment. High k values represent the aligned networks, whereas low k values represent the disordered networks. The median values with 95% CI are shown, n = 3 independent experiments. Difference is significant by one-way ANOVA, followed by Tukey's post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 6) or MMP-2 knockdown (Fig. 5g , bars 2 vs. 4), suggesting that calpain 1 and MMP-2 contribute to the stressor-induced reduction of cell viability. Overall, these data reveal that SMYD2 C13S is protective against sarcomeric proteins degradation and cell death in oxidatively stressed conditions, and that SMYD2
Cys13 glutathionylation or oxidation contributes to degradation of sarcomeric proteins mediated by MMP-2 and calpain-1.
SMYD2 glutathionylation dissociates SMYD2 from N2A. In myocytes, SMYD2 is involved in mono-methylation of Hsp90, which increases Hsp90 chaperone activity. 31 SMYD2 then forms a complex with mono-methylated Hsp90. 31 This complex binds to N2A, a domain of titin, which has been implicated to be important for sarcomere stabilization. 30 Therefore, we investigated whether glutathionylation of SMYD2 changes its enzymatic activity or interaction with Hsp90 or the N2A domain. To interrogate the effect of glutathionylation on SMYD2 in vitro, purified SMYD2 WT was glutathionylated by incubating with oxidized glutathione (GSSG) ( Supplementary  Fig. 11a ). Note that similar incubation of SMYD2 with oxidized azido-glutathione (N 3 -GSSG-N 3 ) induced selective glutathionylation of SMYD2 at Cys13 (Fig. 2f ). SMYD2 WT (SMYD2-SH) and glutathionylated SMYD2 (SMYD2-SSG) were further purified ( Supplementary Fig. 11b-d ). SMYD2-SH and SMYD2-SSG show the same partial digestion pattern by trypsin (Supplementary Fig. 11e ), suggesting their similarly folded structures. SMYD2 enzymatic activity was then examined by LC-MS methylation analysis 38 ( Supplementary Fig. 12 ). In this assay, when using Hsp90 as a substrate, S-adenosylhomocysteine (SAH) production was decreased by approximately 50% with SMYD2-SSG versus SMYD2-SH (the rate of SAH production: 13.2 ± 1.6 nM min −1 with SMYD2-SH vs. 7.4 ± 1.0 nM min −1 with SMYD2-SSG) ( Supplementary Fig. 12a ). In comparison, when p53 peptide was used as a substrate, SAH production was less significantly decreased with SMYD2-SSG versus SMYD2-SH ( Supplementary Fig. 12b ). Neither N2A nor MMP-2 was a substrate of SMYD2 ( Supplementary Fig. 12c and 14) . Despite the modest reduction of SMYD2 enzymatic activity upon glutathionylation in vitro, the level of Hsp90 methylation was unchanged in cells upon treatment of AMA ( Supplementary  Fig. 13a ). Importantly, SMYD2 Y240F (catalytically inactive mutant) 39 could also lead to degradation of α-actinin in the same manner to SMYD2 WT ( Supplementary Fig. 13c ). Conversely, SMYD2 C13S/Y240F mutant prevented degradation of α-actinin similarly to SMYD2 C13S ( Supplementary Fig. 13c ). These data suggest that SMYD2 enzyme activity is unlikely responsible for sarcomeric protein degradation. Next, we analyzed whether SMYD2-Hsp90-N2A interactions can be disrupted upon SMYD2 glutathionylation. A binding assay showed that GST-Hsp90 binds to SMYD2-SH more strongly than SMYD2-SSG (Fig. 6a, lane 3 vs. 4) , showing that SMYD2 glutathionylation decreases the SMYD2-Hsp90 interaction. We also examined the SMYD2-Hsp90 interaction by coimmunoprecipitation (co-IP) in HEK293 cells expressing SMYD2 WT or C13S ( Fig. 6b ): SMYD2 WT binding with Hsp90 was significantly decreased in stressed conditions (AMA and glucose deprivation) (Fig. 6b, lane 1 vs. 2) . In contrast, SMYD2 C13S interaction with Hsp90 did not change in identical stressed conditions (Fig. 6b, lane 3 vs. 4) . Similarly, the N2A domain was examined for binding with SMYD2 ( Fig. 6c, d) . SMYD2 binding to N2A was decreased with SMYD2-SSG versus SMYD2-SH (Fig. 6c, lane 3 vs. 4 ). Co-IP experiments showed that SMYD2 WT lost its interaction with N2A in the presence of stressors (Fig. 6d , lane 3 vs. 4) while SMYD2 C13S retained its interaction (Fig. 6d, lane 1 vs. 2) .
To further demonstrate that SMYD2 is dissociated from the N2A domain or titin upon SMYD2 glutathionylation or oxidation, we examined colocalization of SMYD2 and titin in the sarcomere of rat neonatal cardiomyocytes expressing SMYD2 WT or C13S. Consistently, immunostaining showed high levels of SMYD2 co-localized with titin in the absence of AMA (Fig. 6f , top left). However, colocalization of SMYD2 with titin was decreased upon incubation of AMA (Fig. 6f , bottom left, and Fig. 6g , n = 30, Pearson Coefficient 0.80 ± 0.03 and 0.32 ± 0.04 without and with AMA, respectively). Notably, colocalization of SMYD2 with titin was also decreased in cells expressing SMYD2 WT after incubation of AMA ( Fig. 6f, middle, and Fig. 6g , n = 30, Pearson Coefficient 0.75 ± 0.05 and 0.43 ± 0.04 without and with AMA, respectively), whereas colocalization remains high in cells expressing SMYD2 C13S (Fig. 6f, right, and Fig. 6g , n = 30, Pearson Coefficient 0.77 ± 0.05 and 0.67 ± 0.06 without and with AMA, respectively). Taken together, these data provide evidence that SMYD2 Cys13 glutathionylation (or oxidation) disrupts the SMYD2 interactions with Hsp90 and N2A of titin and induces dissociation of SMYD2 from titin and the sarcomere.
In addition to glutathionylation, cysteine oxidation in proteins involves formation of sulfenic acid, sulfinic acid, and sulfonic acid, 40 which are relatively smaller size modifications in comparison to glutathionylation ( Supplementary Fig. 15a ). Although we did not detect sulfonic acid formation in SMYD2 (Fig. 2d ), we examined potential effects of these oxidations on the interaction of SMYD2 with N2A. In vitro binding analysis between GST-N2A and SMYD2 showed that SMYD2 preincubated with a low amount of H 2 O 2 (0-100 µM) retained its binding with GST-N2A (Fig. 6e, lane 3 vs. 4 , and Supplementary  Fig. 16a ). However, in identical conditions, SMYD2 WT subjected to glutathionylation by pre-incubation with H 2 O 2 and glutathione lost its interaction with GST-N2A (Fig. 6e , lane 3 vs. 5). In contrast, SMYD2 C13S subjected to glutathionylation in the same condition retained its binding with N2A (Fig. 6e , lane 3 vs. 6), suggesting that SMYD2 C13 glutathionylation is likely responsible for dissociation of the SMYD2-N2A interaction. However, SMYD2 decreased its binding with GST-N2A when preincubated with a relatively high amount of H 2 O 2 (100-500 µM) ( Supplementary Figure 16b ), suggesting that other types of oxidations in addition to glutathionylation in SMYD2 may also lead to its dissociation from N2A.
To further specify and mimic a small size oxidative modification in SMYD2 at Cys13, we expressed SMYD2 C13D ( Supplementary Fig. 15b ) in which Asp serves as a close mimic of sulfinic acid at Cys13 with respect to both size and charge ( Supplementary Fig. 15a ). 41, 42 In vitro binding assays showed that similar levels of SMYD2 WT and C13D were bound to Hsp90 and N2A ( Supplementary Fig. 15c-d ). Co-IP experiments confirmed these results, showing that SMYD2 WT and C13D maintain the similar level of binding with both Hsp90 and N2A ( Supplementary Fig. 15e ), suggesting that a small size of modifications at Cys13 of SMYD2 may not disrupt the SMYD2 interaction with N2A or Hsp90.
SMYD2-N2A dissociation contributes to sarcomeric protein degradation. Next, we attempted to examine whether the dissociation between SMYD2 and N2A is responsible for sarcomere degradation. We hypothesized that the N2A domain or its proximal region in titin may contain cleavage sites of MMP-2 or calpain-1, which could be protected when SMYD2 binds to N2A, whereas the SMYD2-N2A dissociation may expose N2A for degradation. Notably, several domains of titin in the I-band of sarcomere, which can be unfolded during contraction and relaxation, were suggested to contain MMP-2 cleavage sites. 15 However, it is unknown whether N2A contains the cleavage site. The N2A domain is composed of four immunoglobulin domains (Ig80-83) and a unique sequence region, called N2A-Us (also called UN2A), between Ig80 and Ig81 ( Supplementary Fig. 17a ). 43 We analyzed whether N2A contains the MMP-2 cleavage site by using the MMP cleavage site prediction tool (CleavPredict). 44 The tool predicted the presence of several MMP-2 cleavage sequences in N2A, including high probability of cleavage sites around N2A-Us ( Supplementary Fig. 17b-c) . Indeed, purified N2A was cleaved upon incubation with active MMP-2 ( Fig. 7a and Supplementary  Fig. 17d ). The sizes of the cleaved products (approximately 50 and ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06786-x 35 kD) appear to correlate with the potential cleavage in domains around N2A-Us ( Supplementary Fig. 17b-c) . Notably, addition of SMYD2 C13S, which binds to the N2A domain, decreased degradation of N2A by MMP-2 in a dose-dependent manner (Fig. 7b) . Similarly, N2A was predicted to have the calpain 1 cleavage site ( Supplementary Fig. 18a-c) . 45 N2A was also susceptible to degradation by calpain 1 (Fig. 7c and Supplementary  Fig. 18d ). Incubation with SMYD2 C13S protected N2A from calpain 1-mediated degradation (Fig. 7d ). Interestingly, both MMP-2 and calpain 1 resulted in cleaved products of N2A that are Purified SMYD2-SH and SMYD2-SSG were incubated with GST-Hsp90 bound to glutathione beads, and eluted sample was analyzed (a). Hsp90 was co-immunoprecipitated with SMYD2 WT or C13S from HEK293 cells in response to AMA with glucose deprivation (b). c, d SMYD2 glutathionylation disrupts its interaction with N2A. Purified SMYD2-SH and SMYD2-SSG were incubated with GST-N2A bound to glutathione beads, and eluted sample was analyzed (c). FLAG-N2A was co-immunoprecipitated with SMYD2 WT or C13S in HEK293 cells in response to AMA with glucose deprivation (d). e SMYD2 subjected to glutathionylation decreases its binding with N2A. SMYD2 WT or C13S was pre-incubated with H 2 O 2 in the absence or presence of glutathione for 15 min, then mixed with GST-N2A bound to glutathione beads for 1 h. Eluted samples were analyzed. f, g Colocalization of titin and SMYD2 decreases upon incubation of AMA in rat neonatal cardiomyocytes expressing SMYD2 WT versus C13S. Immunostainings of cardiomyocytes with antibodies to titin (α-titin-NT, red), HA, or SMYD2 (green) are shown with enlarged areas for details (the red boxes) (f). Pearson's correlation coefficients were calculated to determine colocalization of titin and SMYD2 (g). About 30 cells were analyzed in individual conditions. Images represent the major colocalization pattern in individual experiments. Scale bars, 10 µm. Data represent the mean ± SD, n = 3 independent experiments of similar sizes ( Supplementary Fig. 18e ), suggesting that N2A has a local motif vulnerable to degradation by both proteases.
With purified N2A and MMP-2 in vitro, we further analyzed whether oxidized or glutathionylated SMYD2 can protect N2A from the MMP-2 mediated degradation. SMYD2 WT preincubated with H 2 O 2 (100 µM) could still prevent degradation of N2A as does SMYD2 WT untreated with H 2 O 2 (Supplementary Fig. 16c , lane 3 vs. 5). However, SMYD2 WT pre-incubated with H 2 O 2 (100 µM) and glutathione, which induces glutathionylation of SMYD2, failed to protect N2A, leading to significant degradation of N2A ( Supplementary Fig. 16c, lane 3 vs 7) . In contrast, SMYD2 C13S subjected to glutathionylation in the same condition retained the protective effect ( Supplementary Fig. 16c , lane 3 vs. 8), supporting that SMYD2 C13 glutathionylation contributes to degradation of N2A.
To further support our hypothesis, we performed similar experiments in which N2A was replaced by myofibrils isolated from mouse gastrocnemius muscle that has an N2A-titin isoform. 46 Incubation of fresh myofibrils with active MMP-2 induced degradation of titin, decreasing the level of N2A-titin (T1) while increasing the level of T2 (Fig. 7e, lane 2 vs. 3, and Fig. 7f ). Notably, incubation of SMYD2 protected titin from MMP-2 mediated degradation (Fig. 7e, lane 3 vs. 4, and Fig. 7f ). Titin degradation was also inhibited upon an addition of ARP-100 (Fig. 7e, lane 3 vs. 5, and Fig. 7f ). In these experiments, there was no apparent degradation of MHC (Fig. 7e) . Overall, these data support our model that the SMYD2 binding interaction with N2A, titin, or sarcomeric proteins confers the protection against proteases, whereas SMYD2 dissociation upon glutathionylation or oxidation contributes to degradation of sarcomeric proteins (Fig. 7g ).
Discussion
The detrimental role of ROS in cardiac muscle has been extensively analyzed in ischemia-reperfusion injuries that are well- known to cause a burst of mitochondrial ROS and contribute to muscle damage. [47] [48] [49] [50] Many of these ROS effects partially result from oxidative modifications of sarcomeric or myofibrillar proteins. [51] [52] [53] [54] [55] For example, ROS elevated during ischemic reperfusion cause glutathionylation and carbonylation of actin, 52 glutathionylation of troponin subunits, 56 and disulfide formation in tropomyosin, 51 nitration of myosin, 53 many of which result in the reduced contractile force of myofilaments. Titin is also oxidized in multiple regions. For example, the N2B domain of titin forms disulfide, which increases muscle stiffness. 43 The cryptic cysteine residues in Ig-domains of titin at the I-band are also glutathionylated, which reduces passive stiffness. 57 In addition to reduction of myofilament contraction, numerous data support that cellular stress during ischemic-reperfusion or nutrient starvation causes proteolysis of sarcomeric and myofibrillar proteins. 12, 13 There is emerging evidence that the highly ordered structure of sarcomere is maintained in a dynamic process that involves an intricate balance between assembly and degradation of sarcomeric proteins by the action of many chaperones and proteases. 14 However, the molecular link between sarcomeric protein oxidative modification and the action of the protease system is still incompletely understood. In this report, we showed that glutathionylation and potentially other types of oxidations of sarcomere-associated SMYD2 serves as a mechanism of ROS that contributes to degradation of sarcomeric proteins.
In this report, we used our clickable glutathione approach to detect glutathionylation of multiple proteins, including SMYD2, under stressed conditions. A key idea of our approach is routing glutathione biosynthesis to clickable glutathione by using a mutant of a glutathione biosynthetic enzyme. 58 An azide-tag on glutathione can be replaced by other bioorthogonal functional groups, including terminal-alkene. 21 A modified clickable glutathione is an efficient substrate of several redox enzymes, and is tolerated in cells without significant disturbance of the redox system ( Supplementary Fig. 1) , 21, 22 all of which support that our approach is suitable for investigating glutathionylation in response to cellular stress.
We confirmed glutathionylation of SMYD2 in various stressed conditions ( Fig. 1 and Supplementary Fig. 2 ) and found selective glutathionylation at Cys13 (Fig. 2) . While there are 17 Cys residues in SMYD2, many of them are bound to zinc atoms or buried inside SMYD2, thus may not be accessible for glutathionylation. In our experiments, we did not detect sulfonic acid formation in SMYD2 ( Supplementary Fig. 2d ). However, other oxoforms, such as sulfenic acid, may form. It is also possible to form Cys modifications with other electrophiles, such as 4-hydroxynonenal 59 and fumarate, 60 which may induce a similar cellular phenotype to glutathionylation.
A key observation in our report is that myofibril integrity is lost in cells expressing SMYD2 WT in response to ROS, whereas SMYD2 C13S protects myofibrils from degradation (Fig. 4) , showing an important role of SMYD2 glutathionylation or oxidation at Cys13 in myofibril integrity or sarcomere stability. While our data may suggest a pathologic consequence of SMYD2 oxidation or glutathionylation in muscle, sarcomere degradation or disassembly is not only found in pathologic conditions, such as cardiomyopathy. 61, 62 Sarcomere degradation is also observed in physiologic processes during muscle growth or remodeling that requires partial degradation of sarcomeres or myofibrils in order to form a higher mass of muscle. 63 Indeed, the beneficial role of sarcomere proteolysis is well-recognized in skeletal muscle growth and stress adaptation. 63 It remains to be seen whether SMYD2 glutathionylation is implicated in regulation of sarcomere degradation in physiologic processes.
Another important finding is that protein interaction between SMYD2 and the N2A domain of titin contributes to modulating myofibril or sarcomere degradation. Indeed, protein-protein interactions at titin's extensible domains, including N2B, PEVK, and N2A at the I-band, plays a central role in stress-signaling. 16 For example, the N2B domain has four Ig-domains and one extensible unique sequence region (N2B-Us). A small chaperone, αB-crystallin, binds to N2B-Us for stabilization or protection of sarcomere from stress. 64 N2B-Us also interacts with signaling complexes, including four-and-a-half-LIM-domain protein (FHL2) that can translocate to the nucleus to participate in gene expression. 16 Similarly, N2A has four Ig-domains and one extensible unique sequence (N2A-Us). Hsp90-SMYD2 chaperone complex binds to N2A. 30 Our data showed that the SMYD2-N2A interaction protects N2A from degradation by MMP-2 and calpain 1 (Fig. 7a-d) , and SMYD2 also protect titin in myofibrils from MMP-2 mediated cleavage (Fig. 7e, f) . Therefore, our data support the concept that N2A is an important domain of titin that the SMYD2-Hsp90 chaperone complex interacts with for stabilization or protection of sarcomeres.
Methods
Cell culture. H9c2 cells (ATCC, CRL-1446) were cultured in DMEM supplemented with 10% FBS, penicillin (100 units/mL) and streptomycin (100 μg/mL). HL-1 cells (Sigma, SCC065) were cultured in Claycomb medium (Sigma, 51800 C) supplemented with 10% FBS, penicillin (100 units/mL), streptomycin (100 μg/mL), norepinephrine (0.1 mM), and L-glutamine (2 mM) in fibronectin-gelatin-coated flasks. HL-1 cells were tested negative when examined by MycoAlert mycoplasma detection kit (Lonza). Neonatal rat ventricular cardiomyocytes (P1-2) (Lonza, R-CM-561) were cultured on nitrocellulose-coated plates with the provided medium (Lonza, CC-4515). Cells were cultured at 37°C in 5% CO 2 humidified atmosphere.
Differentiation and induction of glutathionylation. H9c2 cells were differentiated by incubating with differentiation medium (DMEM containing 1% FBS and 1 μM trans-retinoic acid). After 5 days, cells were incubated with DMEM containing 2% FBS, and infected with adenovirus-expressing GS M4 (Ad/GS M4) (custom made from Vector Biolabs) for 6 h. Cells were then incubated with DMEM containing 10% FBS for 18 h, and further incubated for 20 h after addition of L-azido-Ala (0.6 mM). After serum starvation for 4 h, cells were treated with H 2 O 2 or AMA and lysed with a lysis buffer [100 mM Tris-HCl, 150 mM NaCl, pH 7.4, 0.1% Tween 20, a protease inhibitor cocktail tablet, 100 µM PMSF and 50 mM N-ethylmaleimide (NEM)]. Lysates were collected and analyzed for protein concentration by Bradford assay. Glutathionylation in HEK293 cells stably expressing GS M4 22 were analyzed in a similar manner after transfection of HA-SMYD2 WT or C13S using Polyethyleneimine (PEI)-MAX (Polysciences, Inc).
Detection and pull-down of glutathionylated proteins. Proteins in lysates were precipitated by cold acetone, re-dissolved in PBS, and subjected to click reaction with biotin-alkyne, rhodamine-alkyne, or Cy5-alkyne (0.2 mM), CuBr (1 mM) and Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) (0.4 mM) for 1 h. After separation by SDS-PAGE, proteins in gels were analyzed by Coomassie stains or FluorChem Q imaging system (Biorad). For pull-down of glutathionylated proteins, the click reaction mixture with biotin-alkyne was subjected to precipitation by cold acetone. Proteins were re-dissolved in TBS (100 mM Tris-HCl and 150 mM NaCl) containing 1% SDS with sonication and incubated with pre-washed streptavidin-agarose beads for 3 h at room temperature. After washing with TBST (5 mL × 3), proteins on beads were eluted with an SDS-loading buffer, separated by SDS-PAGE, and analyzed by Western blotting. For mass-shift analysis of SMYD2, lysates were treated in the similar manner, except that click reaction was performed twice with 2-kD PEG-alkyne for 2 h at 37°C.
In vitro glutathionylation of SMYD2. To purified SMYD2 WT or C13S in 50 mM PBS containing azido-glutathione (1 mM) was added different concentrations of H 2 O 2 or diamide (0-100 μM). After 5 min at room temperature, glutathionylation was quenched by addition of iodoacetamide (20 mM) for 15 min at 37°C in the presence of 1% SDS. Glutathionylation was analyzed, as described above, after click reaction with rhodamine-alkyne (0.2 mM) or 2-kD PEG-alkyne (0.4 mM), THPTA (0.8 mM), CuBr (1 mM) for 1 h at 37°C. To measure the level of rhodamineconjugation in SMYD2, SMYD2 was precipitated after click reaction and resuspended in PBS. SMYD2 concentration was determined by comparison to BSA standard while the rhodamine concentration was determined by absorbance at 550 nm (a molar extinction coefficient, 65,000 M −1 cm −1 ).
Mass identification of SMYD2 glutathionylation. After inducing glutathionylation of SMYD2 in vitro, SMYD2 was subjected to click reaction with biotin-DDEalkyne (click chemistry tools) (400 µM), THPTA (2 mM), and Cu(I)Br (2 mM) at NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06786-x ARTICLE room temperature. Proteins were precipitated by cold acetone and washed with cold methanol. Proteins were dissolved in a denaturation buffer (2 M urea, 1 mM CaCl 2 in PBS) and digested by trypsin overnight at 37°C. The digest solution was added to streptavidin-agarose beads (Invitrogen) (50 µL) in PBS and incubated for 2 h. Beads were then washed with PBS containing 0.2% SDS (5 mL), followed by PBS only (3 × 5 mL). Bound peptides were then eluted by 2% hydrazine in PBS (3 × 30 µL, pH 7.4). Eluted fractions were combined and acidified with 5% formic acid. The sample was desalted by C18 silica zip-tip (Millipore) and analyzed by Bruker MALDI-TOF/TOF ultrafleXtreme instrument with α-cyano-4hydroxycinnamic acid as the matrix. FlexAnalysis software was used to assign fragments and to measure distance between b and y ion series with addition of a modified mass (+415 Da) on cysteine residues. For ESI MS/MS analysis, eluted peptides were separated by UHPLC reverse phase chromatography with an EASY-nLC 1000 liquid chromatography system (Thermo) and introduced into an Orbitrap FUSION mass spectrometer (Thermo). MS1 scans were between 350-1600 m/z and at 240,000 orbitrap resolution. Abundant peptides with +2 or +3 charges were fragmented by CID at 35% collision energy, and peptides with charges between +3 and +7 were fragmented by ETD using calibrated chargedependent ETD parameters. All MS2 fragmentations were scanned at 30,000 orbitrap resolution. Data were analyzed with the Sequest search algorithm using Proteome Discoverer (ver 2.1) and a human protein database (20,145 entries, downloaded from Uniprot on 2017-07-14). Parent and fragment tolerances were 10 ppm and 0.02 Da, respectively. Variable modifications included oxidation of M (+16) or azido-glutathione modification of C (+415). Tryptic cleavage and up to 1 missed cleavage were used in the search, and data was concurrently searched against a decoy database. Search results were imported into Scaffold (ver 4.8) and re-analyzed with X!Tandem. Protein probabilities were assigned by the Protein Prophet algorithm. 65 Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Protein thresholds were put at 98% with a minimum number of peptides set to 1.
Knockdown of SMYD2 and MMP-2. During differentiation, H9c2 cells were transfected twice with SMYD2 siRNA (100 nM) (siRNA #1, Santa Cruz Biotechnology, sc-76530; siRNA #2 Dharmacon, Cat# M-083374-01-0005) or MMP-2 siRNA (100 nM) (siRNA #1, Santa Cruz Biotechnology, sc-37264; siRNA #2, Dharmacon, Cat# M-093933-01-0005) and control siRNA (Santa Cruz Biotechnology, sc-37007) by using Lipofectamine 3000.
Transfections. pcDNA3.1 HA-SMYD2 WT or C13S plasmid, together with other plasmids when indicated, was transfected to H9c2 myoblasts by electroporation using Nucleofector TM 2b device (Lonza). After electroporation, cells were seeded onto six-well plates at a density of 2.5 × 10 5 cells per well for 2 days and switched to differentiation medium. SMYD2 WT or C13S mRNA was synthesized by using mMESSAGE mMACHINE T7 transcription kit (Invitrogen). Neonatal rat ventricular cardiomyocytes or HL-1 cells were transfected with SMYD2 WT or C13S mRNA using Lipofectamine MessengerMax transfection reagent (Invitrogen). HEK293 cells were transfected with HA-SMYD2 WT or C13S, and other plasmids when indicated, by using PEI-MAX.
Cell viability assay. Differentiated H9c2 cells were treated with various stimuli, including AMA, or DMSO in a serum-free DMEM for 24 h. Alternatively, before incubation of AMA, H9c2 cells were transfected with SMYD2 siRNA, MMP-2 siRNA or control siRNA, or treated with acetyl-calpastatin (5 µM) or ARP 100 (1 µM) in serum-free DMEM for 1 h at 37°C. Cell viability was then measured by Trypan blue assay with TC20 automated cell counter (BioRad).
Immunofluorescence and immunostaining. After transfection of SMYD2 WT or C13S mRNA to neonatal rat ventricular cardiomyocytes, cells were incubated with AMA in DMEM (5 mM glucose) for 12 h, washed with cold PBS, and fixed with 4% paraformaldehyde or cold methanol. Fixed cells were washed three times with PBS and incubated in a permeabilization buffer (PBS with 0.1% Triton X-100) for 15 min. After incubation in a blocking buffer (PBS with 0.1% TWEEN-20 and 3% BSA) for 1 h, fixed cells were incubated with primary antibodies in a blocking buffer overnight at 4°C. Primary antibodies include titin rabbit antibody (Novus biologicals, Cat# NBP 1-88071, α-titin-NT) (1:100 dilution), SMYD2 mouse antibody (Sigma, Cat# SAB1407760) (1:100 dilution), SMYD2 rabbit antibody (Cell Signaling, Cat# 9734) (1:100 dilution), HA-tag (6E2) mouse antibody conjugated with Alexa Fluor 488 (Cell Signaling, Cat# 2350 S) and α-actinin mouse antibody (Abcam, Cat# ab9465) (1:100 dilution). After washing with PBS, fixed cells were incubated for 1 h at room temperature with secondary antibodies, including antirabbit Alexa Fluor 647 secondary antibody (Invitrogen, Cat# A-21244), anti-mouse Alexa Fluor 647 secondary antibody (Invitrogen, Cat# A-21235), anti-rabbit Alexa Fluor 488 secondary antibody (Invitrogen, Cat# A-11008) and anti-mouse Alexa Fluor 488 secondary antibody (Invitrogen, Cat# A-11001). After washing with PBS, coverslips were mounted onto the microscopic plate with a DAPI-containing mounting solution and analyzed under confocal microscope. Similarly, H9c2 cells expressing HA-SMYD2 WT or C13S with either pEGFP-C1 beta-actin or pCMV-mCherry-MHC-IIA were treated with AMA, fixed, and analyzed in a similar manner. All images were captured by Zeiss LSM 780 confocal microscope with oil objectives (100 × /1.4NA, 63 × /1.4NA and 40 × /1.3NA) and individual channels for DAPI (excitation: 405 nm, emission: 410-467 nm), EGFP (excitation: 488 nm, emission: 499-552 nm), mCherry (excitation: 561 nm, emission: 572-647 nm), and Alexa 647 (excitation: 633 nm, emission: 640-721 nm).
Analysis of myofibril orientation. All confocal microscope images were preprocessed by the Fiji software: images were subjected to sharpening and smoothing processes, and converted into 8-bit grayscale format files, which were then subjected to despeckle operation. Preprocessed images were analyzed by FiberFit software to obtain the fiber dispersion parameter (k) and the mean fiber orientation (µ): 34 to remove noises, three sets of lower and upper cutoff frequency (50 and 250, 75 and 250, 100 and 250) were used to get three k values in individual images where the highest k value was selected for the given image. About 30 images in each experiment (triplicate, total 90 images) were processed to get the k values in individual conditions. The k value was used to quantify the degree of fiber alignment. Low k values represent the disordered networks, whereas high k values represent aligned networks. 34 Analysis of colocalization. Volocity 6.3.1 software was utilized to obtain the Pearson's Correlation Coefficient (Rr) for colocalization between titin and SMYD2.
Immunoblotting analyses. Differentiated H9c2 cells or HL-1 cells transfected with HA-SMYD2 WT or C13S, or appropriate siRNA were subjected to serum starvation for 12 h and treated with AMA (2 μg/mL) in DMEM (5 mM glucose) for 12 h. Alternatively, cells were treated with ARP 100 (10 µM) for 1 h before incubation with AMA. Cells were then lysed with a lysis buffer. Proteins in lysates were resolved by SDS-PAGE and transferred to PVDF membrane. The membrane was blocked and incubated with primary antibodies toward α-actinin (Abcam, Cat# ab9465) (1:500), Hsp90 (BD transduction, Cat# 610418) (1:1000), actin (Abcam, Cat# ab3280) (1:2000), HA-tag (Biolegend, Cat# 901502) (1:1000), cardiac heavy chain myosin (Abcam, ab50967) (1:200), troponin I (Cell Signaling, Cat# 4002 S) (1:1000), β-tubulin (Santa Cruz) (1:1000), SMYD2 (Cell Signaling, Cat# 9734) (1:1000), or MMP-2 (Cell Signaling, Cat#4022 S) (1:1000) diluted in a blocking buffer at 4°C overnight. Proteins were then visualized by chemiluminescence using appropriate HRP-conjugated secondary antibodies. Supplementary Fig. 19 shows the uncropped or original blots corresponding to the panels displayed in the figures.
Co-immunoprecipitation (co-IP) analysis. After transfection of pcDNA3.1 HA-SMYD2 WT or C13S plasmids, HEK293 cells were incubated with AMA (2 μg/mL) in glucose-free DMEM for 2 h. Cells were then lysed at 4°C in a lysis buffer (100 mM Tris-HCl pH 7.4, NaCl 150 mM, 0.1% Tween 20 and protease inhibitor cocktail). Lysates were incubated with Hsp90 antibody (BD Bioscience, Cat# 610418) for 1 h at 4°C and further incubated with Protein-G agarose beads (Invitrogen) for overnight at 4°C. Proteins on beads were washed three times with TBST and eluted with an SDS-loading buffer. Eluted proteins were analyzed by Western blotting using Hsp90 antibody (BD transduction, Cat# 610418) or HAantibody (Biolegend, Cat# 901502). Similarly, co-IP of N2A-FLAG and HA-SMYD2 was analyzed by using HA-antibody (Biolegend, Cat# 901502) and FLAGantibody (Sigma, Cat# F1804).
In vitro binding assay. For in vitro binding analysis between SMYD2 and Hsp90 or N2A, N-terminal GST-tagged Hsp90 or N2A was incubated with glutathione beads at 4°C in a buffer (Tris-HCl pH 7.4, 150 mM NaCl) for 1 h. After washing beads with the same buffer to remove any unbound protein, equal amounts of SMYD2-SH and SMYD2-SSG were incubated with beads for 1 h at 4°C. Proteins on beads were then washed with Tris-HCl (pH 7.4) buffer, eluted with an SDSloading buffer, resolved by SDS-PAGE, and analyzed by Coomassie stains. The binding interactions between GST-N2A and oxidized forms of SMYD2 were analyzed in the same manner. Briefly, purified SMYD2 WT or SMYD2 C13S was oxidized by addition of different concentrations of H 2 O 2 (25, 100 and 500 µM) for different time intervals (15 and 30 min) in the presence or absence of glutathione (1 mM). SMYD2 without and with oxidation were dialyzed for 30 min before addition to the binding buffer, with 20-fold dilution, containing GST-N2A and glutathione agarose.
In vitro degradation of N2A by MMP-2 or calpain 1. Purified N2A was incubated with human recombinant active MMP-2 (Millipore) or calpain 1 (Sigma) in a buffer (Tris-HCl pH 7.4, 150 mM NaCl and 5 mM CaCl 2 ) at 37°C in the absence or presence of SMYD2 C13S (a ratio of SMYD2 to N2A was in the range between 0.5 and 5). Each reaction was quenched by addition of an SDS-loading buffer. Proteins were resolved by SDS-PAGE and visualized by Coomassie stains. To examine the N2A degradation by MMP-2 in the presence of oxidized SMYD2, purified SMYD2 WT or SMYD2 C13S was oxidized with different concentrations of H 2 O 2 , as described above, in the presence or absence of glutathione. SMYD2 without and with oxidation were dialyzed for 30 min and added to the digestion buffer with a 12-fold dilution. The reaction was initiated by addition of MMP-2
